Aim: Dexamethasone has been shown to induce the formation of epithelial domes by bronchiolar H441 cells. It stimulates the expression of both amiloride inhibitable epithelial sodium channels (ENaC) and dual oxidase-1 (DUOX1). We therefore ask the question whether DUOX1 expression and production of submillimolar amounts of H 2 O 2 is instrumental for the sodium channel upregulation participates in maintaining the level of vectorial sodium transport by lung epithelial cells. Moreover, the system appears to be well tuned as it would allow H 2 O 2 -dependent innate immunity without inducing airway/alveolar sodium and fluid hyperabsorption.
| INTRODUCTION
Dexamethasone treatment of bronchiolar epithelial H441 cells grown on nonporous support increases the formation of epithelial domes. 1 This reflects an increase in expression and activity of amiloride inhibitable epithelial sodium channels (ENaC) observed in these cells in the presence of dexamethasone. [1] [2] [3] [4] A mixture of dexamethasone and cAMP facilitates the differentiation of human fetal lung epithelial cells into mature type II pneumocytes expressing the NADPH oxidase DUOX1. 5, 6 Another differentiation agent, 5-aza-2′-deoxytidine, has been shown to increase the expression of DUOX1 in H441 and A549 lung epithelial cells when applied chronically. 7 Mature DUOX enzymes produce mainly H 2 O 2 , and as hydrogen peroxide was shown to increase the number and activity of ENaC in epithelial A6 cell line, 8, 9 mouse cortical collecting duct cells 10 as well as in lung alveolar cells in situ, 11 we ask the question whether DUOX expression and activity is instrumental for ENaC upregulation observed in H441 cells during dome formation. Therefore, this study was undertaken using well-established model of H441 bronchiolar cell differentiation to assess the role of DUOX1 induction and submillimolar amounts of H 2 O 2 (<0.3 mmol L −1 ) on both ENaC expression and activity. Our observations suggest that tonic production of H 2 O 2 by DUOX1 participates in maintaining the level of vectorial sodium transport by lung alveolar cells. Indirectly, our findings suggest that such a balanced system permits production of sufficiently large amounts of H 2 O 2 for innate immunity without inducing airway/alveolar sodium and fluid hyperabsorption.
| RESULTS
In a previous work, we have demonstrated that H441 cells grown on nonpermeable support form epithelial domes in the presence of dexamethasone, which reflected an increase in expression of amiloride-sensitive epithelial sodium channels, ENaC. We tested whether this effect can in part be accounted for by the stimulation of DUOX and increased production of H 2 O 2 . Figure 1A demonstrates the results of dome number counts in the presence of dexamethasone compared to the effects of different agents that decrease availability of hydrogen peroxide and to the effect of amiloride. H441 cells form a large number of domes 24 hours after addition of 100 nmol L In case of PEG-catalase and catalase, 24 h of preincubation with these enzymes at indicated concentrations was used prior to dexamethasone addition. Amiloride was used at 0.
, and TEMPO at 300 μmol L ) and catalase (10 kU mL
), 24 h of preincubation with these enzymes was used prior to Aza addition. Amiloride was used at 0.1 mmol L −1 , DPI at 2.5 μmol L −1 . *P < 0.05, † P < 0.01 and ‡ P < 0.001 vs Aza alone (Sidak's test, P < 0.001 by ANOVA). C, Time-course of dome formation. Confluent cell monolayers were stimulated with indicated concentrations of H 2 O 2 or with 100 nmol L −1 dexamethasone, amiloride was used at 0.1 mmol L −1 . *P < 0.05, † P < 0.01 and ‡ P < 0.005 vs corresponding time in control and vs corresponding time in the presence of amiloride (Sidak's test, P < 0.01 by ANOVA) both in free form or conjugated with polyethyleneglycol (PEG), which makes the catalase permeable through the cell membrane. Our results show that free form of catalase was more efficient than PEG-catalase and that the effects of both were concentration dependent. Maximal inhibition of dome formation by catalase, comparable to the effect of amiloride, was observed at a dose of 10 kU mL −1 . We have also investigated whether superoxide anions are involved in the stimulatory effect of dexamethasone on dome formation using oxygen superoxide scavenger TEMPO (2,2,6,6-tetramethylpiperidine 1-oxyl). In the presence of 300 μmol L −1 of TEMPO, we observed significant reduction in dome formation induced by dexamethasone ( Figure 1A ). However, this reduction was only 20%. The above observations suggest that dexamethasone stimulates production of reactive oxygen species (most probably DUOX-derived H 2 O 2 ) and their consecutive release at the apical side of lung epithelial cells could be an important factor responsible for the dome formation. We next tested whether more specific stimulation of DUOX expression and its activity would elicit similar effects. It has been shown that chronic treatment of human alveolar cell line A549 and bronchiolar cell line H441 by 5-aza-2′-deoxytidine (5-AZA) results in an increased expression of DUOX1. 4 Treatment of H441 cells with to a modest activation of inward currents that could be inhibited by amiloride. Summary of the whole-cell current results in Figure 2C shows that H 2 O 2 increases amiloridesensitive currents by 25% (P < 0.005, paired t test, n = 6 Figure 3 demonstrate that dexamethasone increased DUOX1 mRNA expression 7-fold. Catalase alone did not change the number of transcripts and it did not attenuate the effect of dexamethasone on DUOX1 mRNA expression. No effect of dexamethasone and/or catalase has been observed on DUOX2 mRNA expression. The amplicons sequencing confirmed specific amplification of DUOX1 and DUOX2 cDNA. To confirm the stimulation of DUOX1 expression by dexamethasone, we performed immunocytochemistry experiments. Representative microscopy images are shown in Figure 4 . According to the fact that the antibody does not discriminate well between DUOX1 and DUOX2 proteins, 13 we observed faint and uniform labelling in nontreated confluent monolayers of H441 cells, with only few scattered cells showing signs of increased DUOX expression. This immunocytochemical staining likely represents the expression of DUOX2. By contrast, in dexamethasone-treated monolayers, higher expression of DUOX (both intracellular and in plasma membrane) was observed in dome-forming cells. The above PCR data suggest that this most probably represents increased DUOX1 protein expression. Finally, we explored the effect of combined treatment of dexamethasone and catalase on ENaC subunits mRNA expression and these results are presented in Figure 5 . Consistent with previous studies, 24 hours of dexamethasone treatment at 100 nmol L −1 increased transcription of all three ENaC subunits. While catalase alone had no effect, it significantly potentiated the action of dexamethasone on β-and γ-ENaC with a trend of stimulation for α-ENaC. This observation contrasts the inhibitory effect of catalase on dome formation in the presence of dexamethasone and suggests negative feedback of hydrogen peroxide on ENaCs transcription. It should be noted, moreover, that our PCR data could present with considerable underestimation of the above effects on DUOX and ENaC gene transcription. According to combined analysis of the data in Figures 1A and 4F, the area occupied by dome-forming cells in the cell monolayer used for mRNA extraction could be estimated at only 20%-25% of the total monolayer area. This implies that, in PCR reaction, the genetic material of the cells of interest inside of domes has been considerably mixed with that of cells outside of domes.
| DISCUSSION
Lung air spaces are constantly exposed to high levels of oxygen, while at the same time epithelial and some other alveolar cells display mechanisms to generate reactive oxygen species (ROS), such as hydroperoxides (eg H 2 O 2 ), superoxide anions and hydroxyl free radicals. Nonnegligible quantities of H 2 O 2 were detected in supernatants of alveolar cell cultures in vitro, 5, 14, 15 as well as in the exhaled breath of humans. 16, 17 Airway and alveolar epithelia are barrier tissues that participate in formation of innate immune response, that is, the first line of anti-microbial defence. As such, the production of superoxide (O À 2 ) and H 2 O 2 is critically important for bacterial killing. In this regard, the identification of the NADPH oxidase family of membrane proteins that produce regulated amounts of H 2 O 2 supports the physiological role of the ROS release on the apical pole of lung epithelial cells. The dual oxidases DUOX1 and DUOX2 are the H 2 O 2 -producing isoforms of the NADPH oxidases and their expression and activity was detected at the apical membranes of lung epithelial cells and have been shown to be regulated by glucocorticoid dexamethasone. 5, 18 In addition to the fact that DUOX2 contains a functional heme peroxidase domain, which supports the role of dual oxidases in the innate defence, 19 our results suggest that DUOX-regulated release of H 2 O 2 may have also signalling functions. Epithelial sodium channel ENaC is the major ion channel that participates in fluid absorption in the lung. Recent studies suggest that the expression and the activity of ENaC may be regulated by the oxidative state of the cell. In studies on primary rat lung epithelial cells, it has been shown that oxidative stress alters epithelial ion transport depending on the side of hydrogen peroxide addition with apical membrane being more sensitive to the presence catalase inhibitors. 20 Exogenous application of H 2 O 2 was capable of changing the profile of expression of the ENaC subunits' transcripts. 21, 22 This is in agreement with our dexamethasone for 24 h (B,C,E). In B, focus is on the cells outside of domes, in C, focus is on dome-forming cells. D and E show negative controls, the contrast of these images has been further enhanced in order to show cell outlines. Bar = 100 μm antioxidant N-acetylcystein (NAC) inhibited amiloride-sensitive current in nasal epithelial cells. 25 These authors have also shown that the Na + -K 2 , another reactive oxygen species produced by NADPH oxidases, has been shown to activate ENaC activity in alveolar cells in situ. 27 The neutralization of nitric oxide was credited for the indirect stimulatory action on ENaC single-channel activity by superoxide anion in alveolar epithelium. 28 This finding goes along with the observation that agents increasing local superoxide anion concentration (mixture of hypoxanthine compounds and xanthine oxidase) stimulate single-channel activity of ENaC in A6 epithelial cells. 29 Our results presented in Figure 1 In summary, using well-established model of bronchiolar cell differentiation, we demonstrate that cells forming epithelial domes induced by dexamethasone and by another differentiation agent 5-aza-2′-deoxytidine (5-Aza) express higher amounts of DUOX1. We show that the appearance of domes induced by dexamethasone and 5-Aza may be inhibited by exogenous catalase activity, thus suggesting the involvement of paracrine H 2 O 2 action. We also report that a single application of H 2 O 2 at submillimolar ) does not influence basal ENaC expression (P > 0.05 vs control), it stimulates β-ENaC and γ-ENaC expression in the presence of DEX ( ‡ P < 0.05, vs DEX, n = 3). *P < 0.05 vs CAT. Sidak's test, P < 0.01 by ANOVA concentration induces transient dome formation. Our whole cell patch-clamp data confirm that H 2 O 2 acutely activates amiloride-sensitive currents. These observations suggest that tonic production of H 2 O 2 by DUOX1 participates in maintaining the level of vectorial sodium transport by differentiated H441 cells. Our data are in agreement with published reports and make important contribution to the understanding of the interplay between glucocorticoids action and effects of hydrogen peroxide. According to the literature and present results, we suggest that activation of glucocorticoid receptors stimulates gene expression of both DUOX1 and ENaCs. Extracellular hydrogen peroxide produced by DUOX1 reenters the apical membrane of the cell, where it activates PI3-kinase and/or inactivates PTEN, which stimulates PIP2 and PIP3 accumulation 8, 9, [30] [31] [32] [33] and in turn stimulates ENaC activity. H 2 O 2 also stabilizes ENaC at the cell surface by decreasing its ubiquitination, as shown by others. 11 Catalase action suggests that hydrogen peroxide has no feedback effect on DUOX1 gene expression, while it negatively regulates ENaC transcription. Such a balanced system permits production of sufficiently large amounts of H 2 O 2 for innate immunity without inducing airway/alveolar sodium and fluid hyperabsorption.
| MATERIALS AND METHODS

| Reagents
Unless otherwise stated, all the reagents were from SigmaAldrich (Overijse, Belgium). Appearance of epithelial domes was monitored every 2 hours and their number was counted by two operators.
| Cell culture
| Electrophysiology
Whole-cell nystatin-perforated patch-clamp recordings were performed exactly as described previously. Laboratories, Hercules, CA, USA). Primers used were as follows: hDUOX1_F-TCCAGGACAAGGAGGAACTG; hDUOX1_R-GGTCCTTGATGACTTCAGGC; hDUOX2 _F -TCTTCTCTACCATGGTGCCC; hDUOX2_R -TGTT CAGATTGGGGTTCTCC; hHPRT1_F -GGCGTCGTGAT TAGTGATGAT; hHPRT1_R -CTTGAGCACACAGAGG GCTAC. Thermocycler conditions were as follows: denaturation at 95°C for 90 seconds followed by 35 cycles (95°C for 30 seconds, 60°C for 30 seconds, 72°C for 1 minute) and finished by a final elongation at 72°C for 5 minutes. Amplicons were separated on a 1.2% agarose gel in TAE buffer (40 mmol L −1 Tris base, 20 mmol L −1 acetic acid, 1 mmol L −1 EDTA, pH 7.4, supplemented with 0.5 μg mL −1 ethidium bromide). Gels were visualized by UV transillumination, using a GelDoc apparatus (Fusion FX5 Vilber Lourmat). We had to opt for classical RT-PCR assay for DUOXs because of inability to design primers with sufficient efficiency for RT-qPCR. Commercially available RTqPCR primers for DUOX1 and DUOX2 from Roche Life Sciences validated in overexpression systems also failed to detect DUOXs in H441 cells. In order to confirm specific amplification of DUOXs, a sequence analysis was performed on purified PCR products-5 μL of PCR products was treated with ExoSAP-IT enzyme (Affymetrix Santa Clara, CA, USA) in order to remove excess dNTPs and residual primers. The reaction was carried out at 37°C for 15 minutes and stopped by heating at 80°C for 15 minutes. Two microlitres of the mix PCR/ExoSAP-IT was mixed with 2 μL of primers at 3.5 pmol μL −1 , and volume was adjusted to 7 μL with water. DNA sequencing was subcontracted to external services (Beckman coulter genomics, Danvers, MA, USA), and the sequences were compared using nucleotide BLAST search program (BLAST2SEQ) of NCBI database.
| Immunocytochemistry
DAB (3, 3′-diaminobenzidine) colorimetric detection of DUOX1 protein expression in H441 cell monolayers has been performed as described previously. 1 Mouse anti-DUOX1/2 antibody was kindly provided by X. De Deken (ULB) and was used at 1:1000 dilution, the specificity of this antibody has been described in Ref. 13 .
| Statistics
Data are presented as a Mean ± SEM. For post hoc comparisons, statistical significance was determined by ANOVA followed by Sidak's test. In case of continuous patch-clamp data with the initial recording serving as a control for the recording under H 2 O 2 treatment, paired Student's t test was performed. In this case, normal data distribution was first tested using Kolmogorov-Smirnov test. The value of P ≤ 0.05 represents significant difference.
